Light-driven water-splitting to generate hydrogen and oxygen from water is typically carried out in an electrochemical cell with an external voltage greater than 1.23 V applied between the electrodes. In this work, we examined the use of a concentration/chemical bias as a means of facilitating water-splitting under light illumination without the need for such an externally applied voltage. Such a concentration bias was created by employing a pH differential in the liquid electrolytes within the O 2 -generating anode half-cell and the H 2 -generating cathode half-cell. A novel, stretchable, highly ion-conductive polyacrylamide CsCl hydrogel was developed to connect the two half-cells.
Introduction
The generation of hydrogen (H 2 ) and oxygen (O 2 ) from water (H 2 O) requires a minimum of 1.23 V of electrical energy (E • ) and 0.25 V of heat energy (which is also supplied in the form of electricity), giving a total minimum theoretical energy requirement of 1.48 V [1] . This quantity is known as the thermoneutral voltage (E TN ) [1] . In practice, even the most efficient commercial electrolyzers have to operate at significantly higher voltages (typically >1.9 V) because large overpotentials, beyond these theoretical minima, must also be applied to drive the reaction [1] . Direct hydrogen and oxygen production from water (H 2 O) using illumination by sunlight is a key aim for future renewable and Na 2 SO 4 adjusted to pH 12 [10] . The best coating for the cathode electrode was 0.61 µm thick and had a molar ratio of 5.6 (C; PEDOT):1 (Ni):5.2 (C; rGO/other) [11] . It was more catalytically active than Pt in H 2 generation in 0.1 M H 2 SO 4 (pH1) [11] . The specific molar ratios in these films were needed to create a synergistic matching of their conductivity, connectivity, and catalytic capability. That is, at the above molar ratios, the conducting polymer electrically connected the largest number of catalytic sites (thereby maximizing the catalytically active area) by the shortest, most conductive pathway (thereby maximizing the catalytic activity of each site).
Given these electrodes, we wanted to see whether they could be deployed to create a long-lived PEC concentration cell. To this end, we also developed a novel, highly efficient ion bridge comprising a stretchable polyacrylamide-CsCl (PAAm-CsCl) hydrogel. Unlike similar separators [12] , the hydrogel optimally combined durable mechanical and electrical properties.
We report here such a water-splitting photoelectrochemical concentration cell (PECC) employing the above conducting polymer composite catalysts (at the above pH conditions) at the anode and cathode, with the above ion bridge connecting the two half-cells. When illuminated with light (0.25 sun), the cell spontaneously split water into O 2 (at the anode) and H 2 (at the cathode) without need for an external voltage of >1.23 V. The cell operated steadily and continuously for >14 h of testing. Figure S1 (Supplementary Materials). and continuously for >14 h of testing. Figure S1 (Supplementary Materials).
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The Photoelectrochemical Concentration Cell (PECC) of This Work
As can be seen in Figure 1 , the PECC comprised two half-cells: (1) an O2-producing anode half-cell (labeled as the "working electrode" or the "OER (oxygen evolution reaction) electrode") and (ii) an H2-producing cathode half-cell (labeled as the "counter electrode" or the "HER (hydrogen evolution reaction) electrode"). The electrodes in each of these half-cells consisted of conductive fluorine tin oxide (FTO) glass slides coated with thin films of PEDOT embedded with nano-Ni and rGO in the molar ratios noted in Section 1 (labeled as "PEDOT/nano-Ni/rGO film" in Figure 1 ). Figure 1 . Schematic illustration of the photoelectrochemical concentration (PEC) cell studied in this work, utilizing poly(3,4-ethylenedioxidethiophene) (PEDOT)/nano-Ni/reduced graphene oxide (rGO) films for water-splitting with no external voltage applied. A light-driven anode for catalysis of the oxygen evolution reaction (OER) (in the left-hand half-cell) is combined with a light-driven cathode for catalysis of the hydrogen evolution reaction (HER) (in the right-hand half-cell). A hydrogel bridge is provided between the two half-cells. A photograph of the PEC cell set-up is provided in Figure S1 (Supplementary Materials).
Two SoLux daylight MR16 halogen light bulbs (12 V, 50 W, 24°; 0.25 sun intensity) were employed to illuminate the surfaces of the electrodes in each half-cell ("left light source" and "right light source" in Figure 1 ). The incident light was, in each case, filtered through a Thorlabs visiblelight bandpass filter (315-710 nm) that was placed 1.5 cm in front of the light source. The bandpass filter removed any heat (infrared wavelength) generated by the light source.
To connect the two half-cells in Figure 1 , we needed an ion-permeable interface to close the electrical circuit comprising the two half-cells. In previous studies, ion-exchange Figure 1 . Schematic illustration of the photoelectrochemical concentration (PEC) cell studied in this work, utilizing poly(3,4-ethylenedioxidethiophene) (PEDOT)/nano-Ni/reduced graphene oxide (rGO) films for water-splitting with no external voltage applied. A light-driven anode for catalysis of the oxygen evolution reaction (OER) (in the left-hand half-cell) is combined with a light-driven cathode for catalysis of the hydrogen evolution reaction (HER) (in the right-hand half-cell). A hydrogel bridge is provided between the two half-cells. A photograph of the PEC cell set-up is provided in Figure S1 (Supplementary Materials).
As can be seen in Figure 1 , the PECC comprised two half-cells: (1) an O 2 -producing anode half-cell (labeled as the "working electrode" or the "OER (oxygen evolution reaction) electrode") and (ii) an H 2 -producing cathode half-cell (labeled as the "counter electrode" or the "HER (hydrogen evolution reaction) electrode"). The electrodes in each of these half-cells consisted of conductive fluorine tin oxide (FTO) glass slides coated with thin films of PEDOT embedded with nano-Ni and rGO in the molar ratios noted in Section 1 (labeled as "PEDOT/nano-Ni/rGO film" in Figure 1 ).
Two SoLux daylight MR16 halogen light bulbs (12 V, 50 W, 24 • ; 0.25 sun intensity) were employed to illuminate the surfaces of the electrodes in each half-cell ("left light source" and "right light source" in Figure 1 ). The incident light was, in each case, filtered through a Thorlabs visible-light bandpass filter (315-710 nm) that was placed 1.5 cm in front of the light source. The bandpass filter removed any heat (infrared wavelength) generated by the light source.
To connect the two half-cells in Figure 1 , we needed an ion-permeable interface to close the electrical circuit comprising the two half-cells. In previous studies, ion-exchange membranes, such as Nafion, were employed as the ion-permeable interface between two half-cells of this type. However, in this work, we sought to develop a hydrogel separator with a longer path length for ion diffusion. Provided that such a separator can maintain a high level of ionic conductivity with robust performance, it should exhibit some advantages over an ion-exchange membrane. These include [5] (i) improved operation over a narrower and more moderate range of pH, with (ii) an accompanying, improved capacity for long-term stability in water-splitting, at (iii) lower cost.
The most successful of the separators examined was a novel, mechanically robust, stretchable polyacrylamide-CsCl (PAAm-CsCl) hydrogel that was fabricated as described in Section 4. The hydrogel was fixed in a U-tube that was then used to connect the anode and cathode half-cells, as depicted in Figure 1 . The hydrogel was highly ion-conductive.
In the resulting PECC depicted in Figure 1 , a concentration-induced voltage (∆E (V) ) facilitated water-splitting when the electrodes were illuminated with light. The voltage was created by the different pH of the liquid electrolytes within the two half-cells; it can be calculated, at room temperature, using Equation (1) [4, 5] .
where ∆E (V) is the concentration-induced voltage, and ∆pH is the difference in pH between the two half-cells.
Testing of the PECC
The PECC, thus fabricated, was subjected to a series of tests in order to assess its performance. The first involved linear swept voltammetry (LSV) in the range 1.1-1.5 V (cell voltage), with and without light illumination. As can be seen in Figure 2 , at a cell voltage of 1.5 V with both electrodes illuminated by light (0.25 sun intensity), the current density increased from 368 µA/cm 2 without illumination to 415 µA/cm 2 with illumination.
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The PECC, thus fabricated, was subjected to a series of tests in order to assess its performance. The first involved linear swept voltammetry (LSV) in the range 1.1-1.5 V (cell voltage), with and without light illumination. As can be seen in Figure 2 , at a cell voltage of 1.5 V with both electrodes illuminated by light (0.25 sun intensity), the current density increased from 368 μA/cm 2 without illumination to 415 μA/cm 2 with illumination. Chronoamperometry was also carried out at cell voltages of 1.23 V and 1.5 V. The former corresponds to the theoretical minimum electrical energy (E°) needed to facilitate catalytic watersplitting. The latter is just above the thermoneutral voltage (1.48 V), which corresponds to the voltage at which water electrolysis is said to be 100% energy-efficient [1] [2] [3] [4] [5] .
As can be seen in Figure 3a , when 1.23 V was applied, the "dark" current (without light illumination) was 140-142 μA/cm 2 . When the lights were switched on, the current increased to 154-156 μA/cm 2 . Thus, the photocurrent arising from the light illumination (IP(i) in Figure 3a ) was 14 μA/cm 2 . Chronoamperometry was also carried out at cell voltages of 1.23 V and 1.5 V. The former corresponds to the theoretical minimum electrical energy (E • ) needed to facilitate catalytic water-splitting. The latter is just above the thermoneutral voltage (1.48 V), which corresponds to the voltage at which water electrolysis is said to be 100% energy-efficient [1] [2] [3] [4] [5] .
As can be seen in Figure 3a , when 1.23 V was applied, the "dark" current (without light illumination) was 140-142 µA/cm 2 . When the lights were switched on, the current increased to 154-156 µA/cm 2 . Thus, the photocurrent arising from the light illumination (IP(i) in Figure 3a ) was 14 µA/cm 2 .
When a bias of 1.5 V was applied, the dark current was 366-373 µA/cm 2 , while, with light, it was increased to 386-391 µA/cm 2 , producing 18-20 µA/cm 2 photocurrent (IP(ii) in Figure 3b ).
When a bias of 1.5 V was applied, the dark current was 366-373 μA/cm 2 , while, with light, it was increased to 386-391 μA/cm 2 , producing 18-20 μA/cm 2 photocurrent (IP(ii) in Figure 3b ). In theory, it is, of course, not possible to perform water-splitting at 1.23 V since this corresponds to the minimum electrical energy, but not total energy, needed to split water at room temperature. However, the energy from the light illumination, along with the chemical energy provided by the differing pH conditions at the cathode and anode, allowed the cell to readily split water at 1.23 V.
To assess how long-lived this effect was, we ran chronoamperometry at 1.23 V and 1.5 V for 14 h.
As can be seen in Figure 4 , when the lights were turned on, the currents increased steadily at both cell voltages. They stabilized after 3 h of operation, at 192 μA/cm 2 at 1.23 V and 484 μA/cm 2 at 1.5 V. Thereafter, the current at 1.5 V started declining very gradually to 59% of its stabilized current after 14 h of operation. By contrast, the current density at 1.23 V was more stable over 14 h of operation, declining to 88.2% of its stabilized current.
At around the 11th hour of testing, the lights were switched off for a short period and then switched on again. As can be seen in Figure 4 , the currents at 1.23 V and 1.5 V fell to their "dark" currents during this period of time but quickly recovered when the lights were turned on again. The values IP (i) and IP (ii) in Figure 4 indicate the currents that were created by the light illumination at 1.23 V and 1.5 V, respectively. As can be seen, light illumination provides a major source of energy for the water-splitting. In theory, it is, of course, not possible to perform water-splitting at 1.23 V since this corresponds to the minimum electrical energy, but not total energy, needed to split water at room temperature. However, the energy from the light illumination, along with the chemical energy provided by the differing pH conditions at the cathode and anode, allowed the cell to readily split water at 1.23 V.
As can be seen in Figure 4 , when the lights were turned on, the currents increased steadily at both cell voltages. They stabilized after 3 h of operation, at 192 µA/cm 2 at 1.23 V and 484 µA/cm 2 at 1.5 V. Thereafter, the current at 1.5 V started declining very gradually to 59% of its stabilized current after 14 h of operation. By contrast, the current density at 1.23 V was more stable over 14 h of operation, declining to 88.2% of its stabilized current.
At around the 11th hour of testing, the lights were switched off for a short period and then switched on again. As can be seen in Figure 4 , the currents at 1.23 V and 1.5 V fell to their "dark" currents during this period of time but quickly recovered when the lights were turned on again. The values IP (i) and IP (ii) in Figure 4 indicate the currents that were created by the light illumination at 1.23 V and 1.5 V, respectively. As can be seen, light illumination provides a major source of energy for the water-splitting. 
Physical and Electrical Properties of the Conductive Polyacrylamide CsCl Hydrogel Separator
Key to the catalytic performance described above was the hydrogel separator. For this reason, we now discuss the physical and electrical characteristics of the separator.
The hydrogel separator was developed to display high conductivity of up to 310 ± 31 mS/cm ( Figure 5 ). This conductivity is significantly larger than previously reported for polyacrylamide hydrogels, which was 0.22 mS/cm [12] . The high conductivity was undoubtedly due to the Cs + and Cl − ions in the gel. Cs + ions have a greater mobility through the polymer matrix due to the shielding effect of an additional two electron shells when compared with Li + ions, which would interact more with the polymer chains.
Moreover, the water content (%) in the hydrogel increased from 65% to 95% when it was immersed in both electrolytes, providing better transport of water molecules, thereby enhancing the hydrogel conductivity, as shown in Table 1 . The pH of the hydrogel increased only slightly over 14 h of PEC operation ( Table 1 ). The conductivity also improved during operation, from 265 ± 21 mS/cm to 310 ± 31 mS/cm. 
Moreover, the water content (%) in the hydrogel increased from 65% to 95% when it was immersed in both electrolytes, providing better transport of water molecules, thereby enhancing the hydrogel conductivity, as shown in Table 1 . The pH of the hydrogel increased only slightly over 14 h of PEC operation ( Table 1 ). The conductivity also improved during operation, from 265 ± 21 mS/cm to 310 ± 31 mS/cm. The mechanical properties of the hydrogel were also examined to assess its mechanical durability [13] [14] [15] [16] . Figure 6 shows tensile and compression test analyses (before use). The hydrogel displayed a tensile strength of 26 ± 7 kPa, with an ability to stretch to approximately three times its original length (298% ± 19%; Table 2 ). This provided a conductive ion-bridge for reliable operation even under circumstances of significant dimensional change. Its tensile modulus was 18 ± 3 kPa ( The mechanical properties of the hydrogel were also examined to assess its mechanical durability [13] [14] [15] [16] . Figure 6 shows tensile and compression test analyses (before use). The hydrogel displayed a tensile strength of 26 ± 7 kPa, with an ability to stretch to approximately three times its original length (298% ± 19%; Table 2 ). This provided a conductive ion-bridge for reliable operation even under circumstances of significant dimensional change. Its tensile modulus was 18 ± 3 kPa ( Table 2 ). Compression test analysis was also carried out on the hydrogel to assess its mechanical characteristics under compression. Figure 7 depicts the resulting graph; Table 3 summarizes key data. As can be seen, the data for compression modulus, ultimate compression, and strain to failure (%) revealed the hydrogel to have robust mechanical properties. These robust properties demonstrate that the separator is capable of undergoing even large dimensional changes of the type that may occur during cell operation without significantly changing its conductivity. The novelty of the PAAm-CsCl hydrogel lies in it Compression test analysis was also carried out on the hydrogel to assess its mechanical characteristics under compression. Figure 7 depicts the resulting graph; Table 3 summarizes key data. As can be seen, the data for compression modulus, ultimate compression, and strain to failure (%) revealed the hydrogel to have robust mechanical properties. The mechanical properties of the hydrogel were also examined to assess its mechanical durability [13] [14] [15] [16] . Figure 6 shows tensile and compression test analyses (before use). The hydrogel displayed a tensile strength of 26 ± 7 kPa, with an ability to stretch to approximately three times its original length (298% ± 19%; Table 2 ). This provided a conductive ion-bridge for reliable operation even under circumstances of significant dimensional change. Its tensile modulus was 18 ± 3 kPa ( Table 2 ). Compression test analysis was also carried out on the hydrogel to assess its mechanical characteristics under compression. Figure 7 depicts the resulting graph; Table 3 summarizes key data. As can be seen, the data for compression modulus, ultimate compression, and strain to failure (%) revealed the hydrogel to have robust mechanical properties. These robust properties demonstrate that the separator is capable of undergoing even large dimensional changes of the type that may occur during cell operation without significantly changing its conductivity. The novelty of the PAAm-CsCl hydrogel lies in it These robust properties demonstrate that the separator is capable of undergoing even large dimensional changes of the type that may occur during cell operation without significantly changing its conductivity. The novelty of the PAAm-CsCl hydrogel lies in it possessing durable mechanical and electrical properties. It is not trivial to prepare a hydrogel having both of these properties simultaneously optimized.
Finally, the hydrogel sample was stored at room temperature (21 • C) and 50% relative humidity (RH) to test its water retention capacity over 15 days. Samples exhibited gradual shrinkage as shown in Figure 8 . After 15 days, the water loss of the hydrogel was 11% and no longer changed. The main reason for the slow water loss during this period is the fact that CsCl salt is a hygroscopic agent. It absorbs moisture from the air to balance the water content and substitute the water loss in the hydrogel. For this reason, the hydrogel remained rich in water, enhancing its mechanical and electrical durability when compared to other gels [13, 15, 17] .
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Discussion and Conclusions
Two highly active thin-film electrodes comprising the conducting polymer, poly(3,4ethylenedioxidethiophene) (PEDOT) embedded with nanoparticulate Ni ("nano-Ni") (as catalyst) and reduced graphene oxide (rGO) (as conductor) in very specific molar ratios, were studied as the working and counter electrodes in a chemically assisted, water-splitting PEC. The O2-generating anode was immersed in aqueous 0.2 M Na2SO4 adjusted to a pH of 12. The H2-generating cathode was immersed in an electrolyte of 0.1 M H2SO4. The half-cell electrolytes were connected via a novel, conductive hydrogel bridge that exhibited excellent charge transfer mobility between the two half-cell electrolytes. Illumination of each electrode with light of 0.25 sun intensity resulted in generation of O2 (at the anode) and H2 (at the cathode) without any need to apply an external voltage beyond 1.23 V. This light-driven, chemically assisted water-splitting continued for at least 14 h of testing at 1.23 V and 1.5 V. The current at 1.23 V was sustained and relatively constant over 14 h of PEC operation, declining only 11.8% from its stabilized current. The current at 1.5 V showed a steeper decline to 59% of its stabilized value after 14 h of operation.
This study demonstrated the fundamental feasibility of longer-lived, light-driven watersplitting photoelectrochemical concentration cells (PECCs). Such cells require specialized photocatalysts capable of operating at more moderate, nearer-neutral pH, such as the designed conducting polymer thin films that were used. A careful choice of salt bridge is also essential. Ionic polyacrylamide hydrogels offer an attractive option in this respect.
Materials and Methods
Synthesis of Poly(3,4-ethylenedioxidethiophene) (PEDOT)/Nano-Ni/Reduced Graphene Oxide (rGO) and Electrochemical Testing
Fluorine-doped tin oxide (FTO) slides were supplied by Zhuhai Kaivo Electronic Components Co. (Zhuhai, China). Ni nanoparticles (99.9%, 20 nm) were provided by Skyspring Nanomaterials (Houston, TX, USA). GO and rGO was prepared as described previously [10, 11] . The PEDOT/nano- 
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This study demonstrated the fundamental feasibility of longer-lived, light-driven water-splitting photoelectrochemical concentration cells (PECCs). Such cells require specialized photocatalysts capable of operating at more moderate, nearer-neutral pH, such as the designed conducting polymer thin films that were used. A careful choice of salt bridge is also essential. Ionic polyacrylamide hydrogels offer an attractive option in this respect.
Materials and Methods
Synthesis of Poly(3,4-ethylenedioxidethiophene) (PEDOT)/Nano-Ni/Reduced Graphene Oxide (rGO) and Electrochemical Testing
Fluorine-doped tin oxide (FTO) slides were supplied by Zhuhai Kaivo Electronic Components Co. (Zhuhai, China). Ni nanoparticles (99.9%, 20 nm) were provided by Skyspring Nanomaterials (Houston, TX, USA). GO and rGO was prepared as described previously [10, 11] . The PEDOT/nano-Ni/rGO films on FTO glass slides were fabricated as described previously [10, 11] . Electrochemical procedures followed those employed previously [10, 11] .
Preparation of Polyacrylamide Hydrogel
Acrylamide monomer (99.9%), N,N -methylenebis(acrylamide), cesium chloride (≥99.9%), and α-ketoglutaric acid were purchased from Sigma Aldrich (St. Louis, MO, USA). Polyacrylamide hydrogel-forming solution was synthesized by adding, at room temperature (21 • C), 20% (w/v) CsCl to Milli-Q water (20 g of CsCl salt dissolved in 100 mL of MilliQ water). Acrylamide monomer powder was added to yield a 4% (w/v) acrylamide concentration. Then, 470 µL of 2% w/v N,N-methylenbis(acrylamide) and 0.014% (w/v) α-ketoglutaric acid were added as the cross-linking co-polymer and photoinitiator, respectively. The gel solution was stirred and degassed in a vacuum desiccator for 20 min under 0.1 bar pressure, at room temperature. The acrylamide solution was poured into a U-shaped glass tube (diameter = 20 mm, length 130 mm). Solutions were cross-linked using a Dymax BlueWave 75 Rev 2.0 ultraviolet (UV) Light (Dymax Corporation, Torrington, CT, USA) at 1.15 W/cm 2 intensity.
Polyacrylamide Hydrogel Characterization
For mechanical tensile testing, solutions were poured into a 15 cm × 15 cm box, cured, and cut into "dog-bone" shapes (conforming to JIS-K625060). Compression testing was carried out on gels which were cast and cured in a cylindrical mold (diameter = 18 mm, height = 10 mm). For electrical characterization, hydrogel samples (height = 6 mm, width = 5 mm) of length between 5 mm and 25 mm were cast in plastic molds with reticulated vitreous carbon foam (RVC, ERG Aerospace, Oakland, CA, USA, 20 pores per inch) at each end.
The initial water content of the polyacrylamide (PAAm) hydrogel was determined by weighing it and subtracting the mass of the original components. The subsequent loss percentage was evaluated using Equation (2) . Masses were recorded using a digital lab balance.
Water loss % =
Mass of hydrogel − Starting mass of hydrogel Starting mass of hydrogel × 100.
The hydrogel electrical conductivity was characterized by recording the electrical impedance for frequencies between 1 Hz and 100 kHz using a custom-designed set-up, as described in previous studies [18, 19] .
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